Introduction
Acute respiratory distress syndrome (ARDS) is a common and life-threatening clinical syndrome, which accounts for a large number of cases treated in Intensive Care Units; mild ARDS was previously termed acute lung injury (ALI) (1, 2) . Despite the use of lung-protective ventilation and comprehensive treatments, the incidence and overall mortality of ARDS has not changed substantially, with the mortality rate remaining at >40% (3, 4) . Early detection and intervention is important to prevent deterioration in patients with ARDS. Therefore, the development of diagnostic tools to identify patients at high risk of ARDS has been the subject of continuing research. Various biomarkers, including receptors for advanced glycation end products (RAGE), surfactant proteins, Clara cell secretory protein (CC16) and certain cytokines, have been demonstrated to be useful in ARDS diagnosis and prognosis (5) (6) (7) (8) . In addition, proteomics approaches may be able to identify novel ARDS protein biomarkers (9) (10) (11) . One previous proteomic analysis of lung tissues in animal models has provided novel insight into the mechanisms underlying ALI (12) . Using the isobaric tag for relative and absolute quantitation (iTRAQ) approach, a different study identified 132 plasma proteins, among which 16 were differentially expressed in ARDS patients compared with control subjects (10) .
An ideal way to study specific diseases is by histopathological examination of tissues from a disease-affected area, which may directly reveal lesions; however, it is difficult to obtain lung specimens from patients with ARDS. Therefore, owing to the convenient accessibility and the ease of repeat sampling, plasma samples have been a focus for biomarker identification. For example, a previous study identified 30 plasma proteins that were altered during the early phase of peritonitis-induced sepsis; the majority of these proteins were revealed to serve important roles in inflammatory responses, whereas other proteins were involved in oxidative and nitrosative stress (13) . It is well known that sepsis may lead to multi-organ failure; however, the proteins identified in plasma may not be specific indicators for single-organ damage. Therefore, the present study aimed to determine whether any of the altered plasma proteins were directly associated with the occurrence of subsequent lung injury. It was hypothesized that changes to certain immunogenic substances occurred in injured lungs, and these substances may specifically bind with corresponding proteins in the blood, such that lung injury-associated changes may be detected in the blood.
Immunoproteomics is a technique that involves the separation of proteins by two-dimensional electrophoresis (2-DE) followed by western blotting, and has been used previously to identify immunogenic proteins in various diseases (14, 15) .
The present study established a rat model of ARDS, which was induced by cecal ligation and puncture (CLP) surgery, and used an immunoproteomics approach to identify proteins that were altered during lung injury. The ultimate goal was to clinically assess the corresponding proteins identified in the blood plasma that may be associated with lung injury.
Materials and methods
Establishment of an ARDS model. A total of 12 specificpathogen-free, male Sprague-Dawley rats (weight, 210-250 g) were used in the present study. The rats were obtained from Medical Laboratory Animal Centre of Anhui Medical University (Hefei, China) and housed in an air-conditioned room at a constant temperature (23±2˚C) under a 12 h light-dark cycle and with free access to food and water. Animals were fasted for 12 h, but allowed free access to water prior to the experiments. All experimental protocols were approved by The Medical Ethics Committee of the First Affiliated Hospital of Anhui Medical University (Hefei, China).
The CLP technique was conducted according to described previously procedures (16, 17) . Surgeries were performed following anesthetization of the rats via intraperitoneal injection of 10% chloral hydrate (0.3 ml/100 g body weight). The rats were randomly divided into two groups as follows (n=6/group): i) CLP group and ii) Sham-operated control group. CLP was conducted as follows: Under anesthesia, a longitudinal midline incision was made in the skin and the cecum was isolated and ligated below the ileocecal valve, so as not to ligate the ileocecal valve itself, such that intestinal continuity was maintained. Subsequently, the cecum was perforated by two through-and-through punctures using a 20-gauge needle, and the cecum was gently squeezed until a small amount of fecal matter began to exude. The bowel was then repositioned and the abdominal incision was closed. Sham-operated rats underwent laparotomy and the cecum was manipulated without ligation and puncture. Following surgery, sterile saline (2 ml/100 g body weight) was administered subcutaneously to all rats in each group. Postoperatively, each rat was placed in a clean cage and allowed free access to food and water. Histopathological changes in the lungs caused by CLP begin within 18-20 h, and high rates of lethality were reported at ~24 h (16, 17) . Therefore, the endpoint of the experiment was set at 24 h post-surgery. At the time of sacrifice, animals were anesthetized and a laparotomy was performed to expose the abdominal aorta, and blood samples (3-4 ml) were collected. Lung tissues were obtained, washed twice with cold saline and immediately stored at -80˚C for proteomic analysis, or fixed in 10% formalin for histopathological assessment. Blood samples were centrifuged at 1,000 x g for 10 min at 4˚C, and serum was aliquoted and stored at -80˚C.
Histopathological assessment of lung injury. Histopathological alterations in the lungs were assessed to determine whether the lung injury models had been successfully established. Lung tissues were fixed in 10% buffered formalin at room temperature for 24 h and embedded in paraffin. Lung sections (5 µm) were stained with hematoxylin and eosin (H&E) according to standard methods at room temperature, and examined under a light microscope. Lung injury was assessed in a blinded manner, and scored using the method described by Nishina et al (18) , which using 5-point scale according to combined assessment of alveolar congestion, hemorrhage, infiltration or aggregation of neutrophils in the airspace or vessel wall, and the thickness of the alveolar wall/hyaline membrane formation: 0=minimum damage, 1=mild damage, 2=moderate damage, 3=severe damage, 4=maximum damage. The lung injury scores between the two groups were analyzed using the Wilcoxon rank sum test, performed using SPSS version 19.0 (SPSS Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference. 
Protein separation by two-dimensional polyacrylamide gel electrophoresis (2-D PAGE).
Lung tissue proteins from each group (n=6/group) were pooled and separated by 2-D PAGE as previously described (14, 19) . A total of 100 µg of protein was mixed with rehydration buffer [8 M urea, 2% CHAPS, 20 mM DTT, 0.5% IPG buffer (pH 3-10) and 0.001% trace bromophenol blue] and applied to IPG strips (pH 3-10; 13 cm; GE Healthcare Life Sciences, Uppsala, Sweden). Isoelectric focusing was performed on an Ettan IPGphor II system (GE Healthcare Life Sciences) at 20˚C, according to the following paradigm: 30 V for 6 h; 60 V for 6 h; 500 V for 1 h; 1,000 V for 1 h; and 8,000 V for 3 h. Immediately prior to the second dimension sodium dodecyl sulfate (SDS)-PAGE, the IPG strips were placed in 10 ml equilibration buffer [50 mM Tris-HCl (pH 8.8), 6 M urea, 30% (v/v) glycerol and 2% SDS] supplemented with 1% DTT for 15 min at room temperature, and subsequently incubated in a similar buffer, in which DTT was replaced with 2.5% iodoacetamide, for 15 min at room temperature. The equilibrated strips were loaded on top of the vertical slabs of 12.5% SDS-PAGE gels. 2-D gel electrophoresis was conducted at 5 W per gel for 30 min and at 12 W per gel until the dye front reached the bottom of the gels. 2-D PAGE was repeated three times to minimize variation.
Following SDS-PAGE, some gels were electroblotted onto a polyvinylidene fluoride (PVDF) membrane for western blotting and the remaining gels were visualized by silver staining. The 2-DE images were analyzed by ImageMaster 2D platinum software (Version 5.0, GE Healthcare Bio-Sciences, Pittsburgh, PA, USA).
Identification of immunogenic proteins by western blotting.
Proteins separated by SDS-PAGE were transferred to PVDF membranes using Trans-Blot Turbo Transfer System RTA Transfer kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Membranes were subsequently blocked with 5% non-fat dry milk in Tris-buffered saline (TBS) for 2 h. The pooled serum (1:800) from the CLP group or Sham-operated group was used as the primary antibody, and the membranes were probed for 2 h at room temperature. Following three washes in TBS containing 0.1% Tween-20, the membranes were incubated with a horseradish peroxidase-conjugated goat anti-rat IgG H+L (1:1,500; OriGene Technologies, Inc., Beijing, China) for 1 h at room temperature. Immunogenic protein spots were visualized using ECL Western Blot kit (Beijing CoWin Biotech Co., Ltd., Beijing, China) following three subsequent washing steps. Differential analysis of the expression levels of protein spots was performed using the ImageMaster 2D Platinum software (Version 5.0, GE Healthcare Bio-Sciences).
In-gel enzyme digestion and matrix-assisted laser desorption/ionization time-of-flight/time-of-flight (MALDI-TOF/TOF) mass spectrometry.
Gel excision and derivatization steps were all performed at room temperature, unless otherwise stated. The differentially expressed immunogenic protein spots from silver stained gels were excised and washed twice with double-distilled H 2 O, placed in fresh solutions containing 30 mM K 3 Fe (CN) 6 /100 mM Na 2 S2O 3 (1:1) for ~2 min until destained, and washed again to halt the reaction. The gel pieces were dehydrated with acetonitrile (ACN) for 5 min, the ACN was washed off and the samples were air-dried. Subsequently, the gels were incubated in 10 mM DTT at 56˚C for 1 h, followed by incubation in 55 mM iodoacetamide (IAA) in the darkroom for 45 min. IAA was aspirated off and the gel spots were dehydrated with 25 mM NH 4 HCO 3 , followed by 50% ACN and finally 100% ACN, and air-dried. Dried gel pieces were rehydrated with trypsin (Promega Corporation, Madison, WI, USA) in 25 mM NH 4 HCO 3 at 4˚C for 30 min. The excess liquid was discarded and the samples were incubated at 37˚C overnight (10-14 h). A 0.1% concentration of trifluoroacetic acid (TFA) was added to stop the reaction. Samples were spotted onto a 600 µm AnchorChip MALDI probe (Bruker Daltonics GmbH, Bremen, Germany) for mass spectrometry on a TOF Ultraflex II MALDI-TOF/TOF mass spectrometer (Bruker Daltonics GmbH). The Bruker Peptide Calibration Mixture was used for external calibration. The resulting peptide mass lists were searched in the NCBI-non-redundant sequence database (NCBI-nr 20150516: 66,926,000 sequences; 23,973,512,723 residues) using the MASCOT search engine (http://202.195.183.2/mascot/) with the following parameters: Trypsin as enzyme, cysteine carbamidomethylation, methionine oxidation, minimum mass accuracy 100 parts/million and 1 missed cleavage site allowed. MASCOT protein scores >62 were considered statistically significant (P<0.05).
Bioinformatics analysis. To further explore the differentially expressed immunogenic proteins, Ingenuity Pathway Analysis (IPA; www.ingenuity.com) was performed to characterize the biological functions and pathways of these proteins. Associated networks were built among the differentially expressed immunogenic proteins and the IPA database proteins. The top canonical pathways were presented with P-values calculated using a right-tailed Fisher's exact test. IPA Biomarker Filter analysis was used to optimize the candidate biomarkers from the differentially expressed immunogenic proteins; 'acute respiratory distress syndrome' and 'acute lung injury' were used as filtered terms.
Results
Histopathological evaluation of lung injury. H&E staining was performed to observe histopathological alterations in the lung tissues of each group at 24 h post-surgery. Examination of the tissues revealed vascular congestion, interstitial edema, inflammatory cell infiltration and pulmonary hemorrhage in the CLP group, whereas the lung tissues from the Sham group exhibited minimal changes with scattered interstitial infiltrates (Fig. 1A) . The mean lung injury score of the CLP rats was 8.83 (range, 6-11), which was significantly higher compared with that of the Sham group (mean, 1.33; range, 0-3; P<0.05; Fig. 1B) . The histopathological results indicated that the lung injury model was successfully established and was suitable for the detection of protein expression differences following CLP.
2-DE profiles and western blotting analysis.
To identify immunogenic proteins in the lung tissues, protein extracts were separated by 2-DE followed by western blotting. Silver stained gels were scanned; image analysis identified a total of 1,909 protein spots detected in both groups, with molecular masses ranging from 10-100 kDa in the 3-10 pI range. The proteins were transferred to a PVDF membrane and western blotting was performed using pooled serum samples from the CLP or Sham rats as the primary antibody. Positive spots recognized by sera on the membranes were aligned and matched with the blots on silver stained gels. A total of 27 immunogenic protein spots were identified in the CLP group, and 60 immunogenic protein spots were identified in the Sham group ( Fig. 2A and B, respectively).
Identification of the ARDS-associated immunogenic proteins.
The immunogenic protein spots that exhibited a >2-fold difference in intensity between the CLP-operated group and the Sham-operated group were manually excised and used for mass spectrometry. In total, 38 proteins were successfully identified from these spots. Among them, 14 proteins were highly expressed in the CLP group, whereas 24 proteins were highly expressed in the Sham group. Details of the experimental findings for these proteins are shown in Table I . According to the bioinformatics annotations, 10 proteins (26.32%) were enzymes, 6 proteins (15.78%) were kinases and transcription regulators (7.89% respectively), and 4 proteins (10.52%) were phosphatases, ion channels, transmembrane receptors, and transporters (2.63% respectively). A total of 18 proteins (47.37%) were not classified to any families, including sperm flagellar 2 (SPEF2; also known as KPL2) and selenium-binding protein 1 (SELENBP1; also known as SBP1).
Functional characteristics of the differentially expressed immunogenic proteins.
A total of 38 differentially expressed immunogenic proteins were analyzed by IPA to determine their putative molecular networks, molecular and cellular functions, and canonical pathways. With regard to the category of diseases and biofunctions, the top five significant diseases and disorders associated with the differentially expressed immunogenic proteins in the present study were as follows: i) Hematological disease; ii) immunological disease; iii) inflammatory disease; iv) inflammatory response and v) and respiratory disease. Enolase 1 (ENO1), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and SELENBP1 were involved in these categories. The top five canonical pathways included gluconeogenesis I, glycolysis I, choline degradation I, NADH repair and heme degradation (Fig. 3) . In addition, phosphoglycerate kinase 1 (PGK1), ENO1, GAPDH and malate dehydrogenase 2 (MDH2) participate in gluconeogenesis or glycolysis pathways. Finally, using IPA Biomarker Filter analysis with the terms 'acute respiratory distress syndrome/acute lung injury', 13 proteins were identified as candidate biomarkers (Fig. 4) .
Discussion
To identify ARDS biomarkers, an immunoproteomics approach was used to detect immunogenic proteins in an animal model of ARDS. Through mass spectrometric analysis, 38 differentially expressed immunogenic proteins were successfully identified. Bioinformatics analysis demonstrated that the most significant diseases and disorders in which the identified proteins were associated with were immunological disease, inflammatory disease, inflammatory responses and respiratory disease. Using IPA Biomarker Filter analysis, 13 differentially expressed proteins in the present study were identified as candidate biomarkers of ARDS.
Inflammatory cytokines, such as tumor necrosis factor α (TNF-α), interleukin (IL)-1β and IL-6, and molecules derived from injured lung tissues, such as surfactant proteins, RAGE, CC-16, have been previously reported as candidate biomarkers of ARDS (20, 21) . However, these factors were not identified in the present study. The differentially expressed proteins identified in this study were described as antigenic, and among the evaluated proteins, ENO1 and enhancer of polycomb homolog 1 (EPC1) have been previously described as antigenic (22, 23) . ENO1 is a multifunctional enzyme that has functions in various processes, in addition to its role in glycolysis (24) . Increased levels of ENO1 autoantibody have been observed in the serum of patients with rheumatoid arthritis and cholangiocarcinoma (22, 25) . A previous proteomics study identified sputum ENO1 as a potential biomarker to aid in the diagnosis of early-stage lung cancer (26) . Increased ENO1 and protein disulfide isomerase-associated 3 were also observed in alveolar epithelial injury and remodeling, which is strongly associated with chronic lung diseases (27) . EPC1 is a chromatin protein that modulates skeletal muscle differentiation and induces vascular smooth muscle cell (VSMC) differentiation. EPC1 expression was demonstrated to be upregulated during VSMC differentiation and decreased by platelet-derived growth factor BB treatment (28, 29) . Recently, EPC1 was characterized and isolated from Echinococcus granulosus protoscoleces as a highly antigenic protein useful in the diagnosis of cystic echinococcosis (23) . Although the roles of ENO1 and EPC1 in ARDS require further investigation, the isolation and identification of these antigenic proteins suggested that they may be feasible for use in immunoproteomics.
The roles of the majority of the identified immunogenic proteins in ARDS remain unclear. IPA analysis revealed that PGK1, ENO1, GAPDH and MDH2 participated in canonical glycolysis or gluconeogenesis pathways. However, these proteins exhibited inconsistent regulatory changes in the present study, which suggested that disordered carbohydrate metabolism may be involved the pathogenesis of ARDS. A previous study reported that during ALI, stretching of the pulmonary epithelial cells may result in the inhibition of succinate dehydrogenase expression, in association with the normoxic stabilization of hypoxia-inducible factor (HIF)-1A. Alveolar epithelial HIF1A expression was reported to enhance the glycolytic carbohydrate flux and optimize mitochondrial respiration (30) . HIF-dependent prevention of mitochondrial dysfunction increases alveolar epithelial ATP production and prevents the accumulation of reactive oxygen species and lung inflammation (30) .
A previous study reported that acrolein-induced ALI is accompanied by a varied metabolomic pattern of energetic stress (31) . Four metabolites that differed from the controls were identified in the plasma of sepsis-induced ALI patients; computational data analysis to identify the metabolic networks also provided information regarding the enzymes involved in ALI and the genes that encoded them (32) . In addition to the changes in carbohydrate metabolic enzymes aforementioned, the present study identified other proteins involved in choline degradation, aspartate degradation, pyrimidine ribonucleotide interconversion and de novo biosynthesis that were also downregulated in rats with ALI. Furthermore, molecular network analysis revealed that the differentially expressed proteins were associated with one another, directly or indirectly. Consistent with these previous studies, data from the present study suggested that metabolic dysregulation may be associated with the development of ARDS.
Diffuse alveolar damage is a morphological hallmark of ARDS; however, bronchiolar cells may also be seriously damaged in ARDS (33, 34) . Autopsy studies of the lung tissue of subjects that succumbed to ARDS have revealed epithelial denudation, inflammation and airway wall thickening with extracellular matrix remodeling in distal airways (34) . CC16 secreted by the Clara cells of the distal respiratory epithelium is considered to be a marker of lung injury (35) . Therefore, another protein identified in the present study, SPEF2, was of interest. SPEF2 is predominantly expressed in ciliated tissues, including lung, trachea, testis and brain tissue (36) (37) (38) . It is required for ciliary motility and spermatogenesis, and the loss of SPEF2 function was reported to result in severe spermatogenic defects (36) . SPEF2 was also reported to have an important role in the differentiation and function of ciliated cells in the airway (37) . In the present study, the differential expression of SPEF2 indicated that ciliated cells were injured, and SPEF2 may also be a potential marker of lung injury.
Another protein identified in the present study, SELENBP1, was not classified into any of the functional families. SELENBP1 is a member of the selenoprotein family and is expressed in a variety of tissue types, including the lungs. It has been previously suggested that this protein mediates the intracellular transport of selenium (39, 40) . Low SELENBP1 expression has been reported in several tumor types, and was suggested to be a potential biomarker for cancer progression and prognosis (41, 42) . Recently, SELENBP1 was identified as a negative regulator of HIF1A (42) ; inhibition of HIF1A has a protective role in lung injury induced by trauma and hemorrhagic shock, which may be associated with the regulation of the inducible nitric oxide synthase/nitric oxide pathway by HIF1A in lung tissue (43) . In the present study, SELENBP1 was revealed to be upregulated in the ARDS model compared with the control. The relationships between SELENBP1, HIF1A and ARDS require further investigation.
Certain limitations to the design of the present study must be noted. By comparing the histopathological changes in lung injury with the controls 24 h post-induction, a research time point was selected for analysis and, thus, the immunoproteomic study at that point did not reflect early ARDS, and no study was conducted on sequential proteomic changes according to the course of ARDS. Therefore, future studies must investigate the immunogenic proteins identified in this experiment with regard to the early detection of ARDS in sepsis patients.
In summary, 38 differentially expressed proteins were identified in the rat model of ARDS using an immunoproteomic method. These proteins were described as antigens, and paired antibodies are predicted to be detected in the plasma of patients at high risk of ARDS. Analysis of these identified proteins may provide novel insights into the potential pathological mechanisms of ARDS.
